In aviculture, lovebirds are considered one of the most popular birds to keep. This African parakeet is known for its range of plumage colours and ease to tame. Plumage variation is the most important price-determining trait of these birds, and also the main selection criterion for breeders. Currently, no genetic screening tests for traits of economic importance or to confirm pedigree data are available for any of the nine lovebird species. As a starting point to develop these tests, the de novo genome of Agapornis roseicollis (rosy-faced lovebird) was sequenced, assembled and annotated. Sequencing was done on the Illumina HiSeq 2000 platform and the assembly was performed using SOAPdenovo v2.04.
Introduction
Birds from the genus Agapornis (commonly called lovebirds) form part of the sub-family Psittacinae, or parrots. There are 356 parrot species distributed over Africa, Asia, Australia and South America and are recognized by their blunt bill with a downward curving upper mandible [1] . There are nine lovebird species, eight of which are native to Africa and one to Madagascar [2] . Agapornis roseicollis (rosyfaced lovebird) is indigenous to the South-Western parts of Africa including Angola, Namibia and South-Africa [2, 3] . Wild flocks are still found, however lovebirds are best known as pets due to the fact that they are easily tamed and breed effortlessly in captivity [3] .
There are 20 naturally occurring A. roseicollis colour variations, all of which are inherited as Mendelian traits, either autosomal or sex-linked recessive or dominant. Some of these variants are shown in Parrots have a unique mechanism of coloration and unlike most bird species do not utilize carotenoids to generate red, yellow, orange, green, blue or violet plumage colours [4, 5, 6, 7, 8] . Parrot pigments differ both chromotographically and spectrally from all other feather carotenoids [6, 8] and is called psittacofulvins. Psittacinae is the only aves family that express psittacofulvins in their plumage cells.
Although the physiological or anatomical sources of these molecules are still unknown, it is strongly believed that diet does not play a role in parrot coloration.
Due to the strong economic influence, the main trait breeders are selecting for is colour. As most of the colours are inherited in a Mendelian recessive manner, chicks born from parents with colour variants, but that display wild type coloration, may be heterozygous for the rare colour. Since there is no screening test available, bird sellers cannot guarantee that the chick is a heterozygote of that colour, nor can they confirm the parentage of the chick. Developing a SNP-based test to genotype 3 individuals could also result in a reduction of illegal parrot trade. It is estimated that 300 000 illegal parrots are sold in the United States every year. This can be lowered if genotyping of birds can be done on a routine basis [9] .
In an attempt to address the lack of genetic screening tests for lovebird breeders worldwide, the first step was to perform a de novo genome sequencing and assembly of A. roseicollis. Three parrot genomes namely the Puerto Rican parrot (Amazona vittata) [10] scarlet macaw (Ara macao) [11] and the budgerigar (Melopsittacus undulates) [12] have been sequenced previously. In 2014, Zhang et al. published the genomes of 48 bird species including that of the budgerigar [13] .
Here we describe the first de novo attempt to sequence, assemble and annotate the genome of A.
roseicollis.

Materials and methods
Sample selection
One adult male (one year in age), that was born and bred in captivity in Belgium, was selected as the Agapornis roseicollis reference genome. The criteria set for sample selection was the availability of a minimum of five generations pedigree data as well as information on all plumage colours of its ancestors. After ethical approval was obtained from the North-West University AnimCare committee (Ethics number NWU00348-15-S5), 400 µL blood collected by a veterinarian in an EDTA tube was taken from the bird. Blood samples were shipped on ice to Germany for sequencing.
Whole genome sequencing
Genomic DNA was isolated from the blood sample using the Machery Nagel Blood Mini kit according to manufacturer's protocol with one change in that 10 µl blood diluted with 190 µl PBS were used as starting material. Sequencing was performed by Eurofins Genomics in Germany. The sequencing was done at an average total depth of 100X coverage. Medigenomix, Ebersberg, Germany, proprietary protocol) were prepared based on the mate-pair library protocol from Illumina, modified by using adaptor-guided ligation of genomic fragments which achieves higher accuracies. The resulting fragments were cleaned up and pooled.
The libraries were analysed on the Illumina HiSeq 2000 platform with chemistry version 4 and sequencing was performed using manufacturer's instructions. Paired-end sequencing using 125bp read length was performed on a HiSeq machine using v4 chemistry (HiSeq Control Software 2.2.38).
For processing of raw data RTA version 1.18.61 and CASAVA 1.8.4 was used to generate FASTQ-files.
Genome assembly
The lovebird genome assembly and annotation was performed at BGI in collaboration with the Bird 10K (B10K) genome project [14] . The lovebird genome was assembled using de novo software SOAPdenovo v2.04 [15] . Filtering of low quality reads were done on the basis of k-mer frequency error correction by removing reads with more than 10% ambiguous bases. Reads were filtered and removed if more than 40% of bases were of low quality and duplicate reads were removed.
De Bruijn graphs were constructed by SOAPdenovo [15] and then tips were clipped, bubbles merged and low coverage links removed. Contigs were collected using kmer lengths of 69 and all usable libraries reads were mapped to contig sequences to construct scaffolds. Pair-end reads were used to fill gaps between scaffolds as one end of the read will align with a contig and the other end with the 5 gap. The Gapcloser module of SOAPdenovo [15] was used to fill gaps within scaffolds. The genome was uploaded onto NCBI with accession number NDXB01000000.
Genome annotation
Transposable Elements were identified by executing RepeatProteinMask in RepeatMasker 4.0.5 [16] by comparing the assembly against the Repbase TE library (Repbase-17.06). This identifies transposable elements by aligning the genome sequence to a self-taken curated transposable element protein database. The default parameters of RepeatModeler [16] was used to build a de novo lovebird repeat library and this resulted in consensus sequences and classification information for each repeat gene family.
Gene annotation was done in two parts -homology based gene prediction and gene function annotation. During the homology based gene prediction stage, Ensembl gene sets (release 60) [17] of the chicken (Gallus gallus), zebra finch (Taeniopygia guttata) and human (Homo sapiens) genomes were used to annotate the protein-coding genes. These species were selected based on the fact that their genomes were sequenced with a very high coverage and the annotation of genes will more likely be correct. If future gene studies are to be conducted on this genome it is advisable to use closer related species, e.g. the budgerigar, genomes to re-annotate the genome. This gene set's protein sequences were used as reference templates for homology-based gene predictions. The gene function annotation phase relied on the annotation of the motifs and domains of the reference genes by using InterPro. Databases in the public domain were used for this part of the annotation. Gene products were presented by Gene Ontology and retrieved from InterPro results. Lastly the reference genes were mapped to Swiss-prot database to find the best match for each gene [18] .
The annotation pipeline was executed by firstly performing a rough alignment where protein sequences of the reference gene set was aligned using TBLASTN. The cut-off value was 1e -5 . genBlastA was used to find the corresponding gene loci with the blast hits. All loci with homologous block lengths shorter than 30% of the query protein were excluded. A precise alignment followed where sequences 6 of candidate gene loci were extracted and using GeneWise v2.2.0, the precise alignment was concluded. MUSCLE v3.8.31 was then run on the predicted protein and reference protein, where-after predicted proteins were filtered out if shorter than 30 aa or had a percent identity less than 25% as well as pseudogenes. Lastly a non-redundant gene set was built to ensure that no gene overlaps were annotated.
Comparing avian genomes
The lovebird genome was compared to other avian genomes to assess its size, number of genes, scaffold N50 size, contig N50 size and gene completeness. The chicken (Gallus_gallus-5.0) (Gallus gallus) and zebra finch (Taeniopygia guttata) genomes were selected as they are considered as the avian model organisms. The budgerigar (Melopsittacus undulates), kea (Nestor notabilis) and Peregrine falcon (Peregrine falcon), Puerto Rican parrot (Amazona vittata) and Scarlet macaw (Ara macao) were included as they are close relatives of the lovebird. Bradnam et al. (2013) [21] reports the metrics used to assess the quality of a genome. In addition to Scaffold N50 length, Contig N50 length and the number of scaffold sequences that are gene sized, the number of core genes mapped in the annotation is also important. Making use of the open-source software that is implemented in Python, BUSCO v2 (Benchmarking Universal Single-Copy Orthologs) [22] the lovebird genome as well as seven other previously assembled bird genomes were assessed based on gene completeness using the above mentioned method. All genomes were compared to a set of 303 conserved eukaryote genes namely OrthoDB v9.1. OrthoDB v9.1 is a set of orthologs that is used by BUSCO v2 to assess gene completeness [23] . OrthoDB covers 5756 species including bacteria, eukaryotes, fungi, plants, archaea and viruses.
Assessing gene completeness
The lovebird genome was estimated to consist of 1 159 816 267 base pairs. Sequencing coverage of each sequencing library can be calculated by dividing the number of bases generated by the size of the genome. The sequencing coverage per library is shown in Table 1 . The contig N50 and scaffold N50 lengths were 5 455 and 108 514, respectively. The G/C content of the genome was 43%.
Zhang et al. [13] reported the assembled genomes of 48 bird species. From these species, five species were selected for this study and the genomes compared. Two additional parrot species, the Puerto Rican parrot [10] and Scarlet macaw [11] , was also included as shown in Table 2 .
The size of the lovebird genome was comparable to all seven the other genomes except the Puerto Rican parrot. The larger size of the Puerto Rican parrot could be due to a poor assembly and lower genome coverage since it is larger than any of the avian genomes sequenced by Zhang et al. (2014) [13]. The lovebird genome was sequenced at 100x coverage and the scaffold N50 lengths were shorter than comparative genomes. This could be as a result of shorter read lengths resulting in shorter contigs and scaffolds. Zhang et al. (2014) also note that the use of 20 kb insert libraries will increase these metrics and it was not included in this study. Since scaffold N50 length does not give an indication on gene content, and in this study gene function is of greater importance than genome completeness, the lower N50 scaffold and contig values are not of great concern [21, 22] .
During the genome annotation, 15 045 gene coding sequences were identified and 999 non-coding sequences were identified. This compares well with the other genomes, with the exclusion of the chicken genome, where between 18 618 (zebra finch) and 14 074 (kea) genes were annotated ( Table   2 ). The chicken genome (v Gallus_gallus-5.0) was found to have 26 640 genes [19] . It should however be noted that this is the fifth draft of the chicken genome and that it has been sequenced using Sanger sequencing as well as various other Next Generation Sequencing platforms and therefore is more complete and accurate.
By comparing the genome to a eukaryotic dataset comprising of 303 genes from OrthoDB v9.1 [23] we found 258 or 85.2% complete BUSCOs. Simão et al. (2015) [22] defines a complete BUSCO as a
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gene with a length within two standard deviations of the BUSCO gene group mean length. 7.3% of the genes were fragmented which is defined as genes only partially recovered and 7.5% of genes were missing indicating that they were not identified at all, as displayed in Figure 2 .
BUSCOs were also analysed in the other seven avian genomes that were compared and the results shown in Table 3 .
The number of complete BUSCOs identified from the lovebird genome corresponds well with the number of complete BUSCOs identified in other genomes such as the budgerigar, chicken and zebra finch. The lower number of complete BUSCOs identified in the kea, Puerto Rican parrot and Scarlet macaw genomes could be due to lower genome coverage during sequencing.
Conclusion
In conclusion, this study and results provides the first genomic information in the form of a full genome sequence, assembly and comparison of the genus Agapornis. The results indicate that the lovebird genome contains an adequate number of core genes to be useful in further research such as the identification of SNPs for parentage verification, investigating the genetic basis linked to colour variation and development of tests to distinguish hybrids of different species.
